Background: Cytomegalovirus-encoded m02 family members are involved in immune evasion. Results: m04 binds murine MHC-I via an Ig-V-like ectodomain. Conclusion: m04 is the prototype of the m02 family, whose members mimic proteins derived from the host immune system. Significance: The results provide insight into the structural scaffold that defines a large family of immunoevasins.
Many viruses avoid detection by cytotoxic T cells of the adaptive immune system through strategies that interfere with the surface expression of peptide-MHC-I molecules. These include mechanisms to interfere with the flow and trafficking of MHC-I through the secretory pathway, that interrupt the supply of peptides to MHC-I in the ER, or that modulate the rate of MHC-I endocytosis (1, 2) . However, the down-regulation of surface MHC-I renders infected cells susceptible to natural killer (NK) 4 cell-mediated lysis by a process termed "missing self" recognition (2) . Accordingly, many viruses also encode molecules that seek to manipulate the function of a number of large, typically inhibitory, NK cell receptor families that include the killer immunoglobulin receptors in humans, the Ly49 receptors in mice, and the NKG2 family in both species (3) .
The interplay between viral defense and host adaptation is best understood in the context of CMV infection. CMVs are a group of species-specific pathogens that are known for their ability to subvert the immune system of their host and establish latent and lifelong infections (4) . They are highly prevalent, infecting over 50% of the human population worldwide with infections rates ranging from 45 to 100% in human adult populations and, although asymptomatic in healthy individuals, can cause considerably morbidity and mortality if the immune system is compromised (5) . The success of CMV in part results from the large size of its genome (ϳ230 kb), which affords the virus the opportunity to dedicate considerable genetic material to encoding proteins whose function confers even a slender evolutionary advantage (6) .
Murine CMV (MCMV), which represents the model system for human CMV infection, encodes two large gene clusters whose protein products have been implicated in the subversion of NK cell-mediated recognition (7) . Of these, the m145 family, which resides at the extreme right of the MCMV genome and includes m17 and m145-m158, has been extensively studied.
So far, the structures of four members of the m145 family (m144, m152, m153, and m157) have been determined (8 -11) . Remarkably, despite employing diverse mechanisms to mediate their function, each of these molecules possesses an MHC-I like fold, although they differ in their requirement for peptide and ␤ 2 -microglobulin (␤2m).
At the extreme left of the MCMV genome lie the less understood m02 family members that include m02-m16 (7) . Although the function of most of the m02 family members remains unknown, as a group they have been implicated in the subversion of NK cell-mediated immunity. This function was originally attributed based on experiments in which viruses harboring a deletion of entire m02 family grew like their wildtype parental strain in cultured cells or in C57BL/6 mice depleted of NK cells but produced less infectious viruses in mice possessing a robust NK cell response (12) .
The members of the m02 family can be clustered into three subgroups, m02-m06, m07-m10, and m11-m16 based on the presence of conserved cysteine residues (7). The family members also share a number of conserved motifs that include a CXXXXC motif (that is more stringently defined as CXLXXC(L/P)(W/R)o in m02-m06) and a NAXWXX(E/H)Wo motif found in m03-m06 (where X indicates any amino acid, and o indicates a hydrophobic amino acid) (7) . Although the m02 family members are related in the amino acid sequence, they are not appreciably similar to any other MCMV-encoded protein or to any other gene in the GenBank TM database (12) . To date, two members of the m02 family have been implicated in MHC-I targeting. Both m04 and m06 bind to newly assembly peptide-MHC-I complexes in the ER. However, whereas m06 redirects MHC-I to the lysosome for degradation (13) , m04-MHC-I complexes traverse to the cell surface (14) . Precisely why MCMV encodes a protein that escorts MHC-I to the cell surface is unclear, but it may be that maintaining a low level of MHC-I on the cell surface is beneficial to avoid NK cell-mediated missing self-recognition. More recently it has become apparent that m04 is the target of a novel viral detection strategy. In particular, there is now evidence that a number of activating NK cell receptors including Ly49P, Ly49L, and Ly49W can recognize MCMV-infected cells of certain H2 haplotypes (including H2 d , H2 k , H2 a , and H2 f ) in an m04-dependent manner (15, 16) . However, the precise molecular details underpinning such a recognition event remain a mystery. To shed light on m04 function, here we determined the crystal structure of m04. The structure revealed that m04 adopted an Ig-V-like scaffold that provides a basis for understanding the structure and function of the m02 family.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-DNA encoding the fulllength nucleotide sequence for m04 from the MCMV isolates Smith, G4, and W8211 were a kind gift from Anthony Scalzo (17) . Fragments encoding the predicted m04 extracellular domains (residues 24 -223 for m04 Smith and m04 G4 and residues 24 -220 for m04 W8211 ) were amplified by PCR and ligated into the AgeI and XhoI sites of the pHLSec vector (18) . The reverse primers used for PCR were designed to incorporate a thrombin site (LVPRGS) and His 6 tag at the C terminus of the expressed protein. m04 protein was expressed using transient transfection of HEK 293S cells as described previously (18) . Cell culture media containing secreted protein were concentrated and buffer-exchanged into 10 mM Tris, pH 8, containing 0.5 M NaCl using tangential flow filtration prior to purification using nickel affinity and size exclusion chromatography using Superdex S75 16/60 columns (GE Healthcare) in 10 mM Tris, pH 8, containing 150 mM NaCl. MHC-I molecules were expressed as inclusion bodies in BL21 DE3 Escherichia coli cells and were refolded and purified essentially as described (19) Surface Plasmon Resonance-SPR experiments were conducted at 20°C on a Biacore 3000 instrument using 10 mM Tris, pH 8.0, supplemented with 150 mM NaCl and 0.005% P20 surfactant. Approximately 1300 response units of biotinylated MHC-I molecules were coupled to streptavidin-coated chips (GE Healthcare) according to the manufacturer's instructions and the remaining free streptavidin sites were blocked with D-biotin. Various concentrations of m04 (3.1-200 M) were injected over the captured MHC-I at a flow rate of 20 l min Ϫ1 . The final response was calculated by subtracting the response of an "empty" flow cell (containing biotin-blocked streptavidin). The equilibrium data were analyzed using GraphPad Prism. The data are representative of a single experiment performed in duplicate.
Crystallization and Data Collection-For crystallization experiments, the extracellular domain of m04 G4 was concentrated to 15.5 mg/ml. Crystals were obtained using the hanging drop vapor diffusion method from a solution containing 23% PEG 3350 and 0.2 M sodium malonate, pH 4, at 4°C. Ytterbium derivative crystals were obtained by soaking crystals overnight in the presence of 20 mM ytterbium-(DPA) 3 (Jena Bioscience). Prior to data collection, crystals were equilibrated in a crystallization solution supplemented with 35% PEG 3350 for cryoprotection. Crystals were flash cooled using liquid nitrogen, and x-ray diffraction data were recorded on a Quantum-315 CCD detector at the MX2 beamline of the Australian Synchrotron. Data sets to 3.0 Å (native) and 3.6 Å (ytterbium derivative) were integrated using MOSFLM and scaled using SCALA from the CCP4 program suite. Details of the data processing statistics are given in Table 1 .
Structure Determination and Refinement-The structure of the extracellular domain of m04 G4 was determined by the single wavelength anomalous dispersion method. Diffraction data containing anomalous signal from bound ytterbium atoms was collected at a single high energy remote wavelength (1.148 Å). Experimental phasing was performed using Phenix Autosol (20) . A preliminary m04 model was built into the solvent-flattened electron density map de novo and then used as a molecular replacement model for the higher resolution 3 Å native data set using Phaser (21 Multiangle Lazer Light Scattering (MALLS)-Samples were gel filtered using a Superdex-200 5/150 column in 10 mM Tris⅐HCl buffer (pH 8) containing 150 mM NaCl. The eluate was passed through a Wyatt EOS 18-angle laser photometer coupled to a Wyatt Optilab rEX refractive index detector, and the molecular mass moments were analyzed by using Astra 6.1.
RESULTS
Structure Determination-To further our understanding of the function of m04, we expressed the m04 ectodomain from a number of MCMV isolates including Smith, G4, W8211, K181, and G1F. Initial expression and refolding trials in E. coli resulted in high yields of protein that were largely unstable. However, expression in HEK 293 cells resulted in highly soluble and stable protein preparations suitable for structural studies. We successfully crystallized the m04 G4 ectodomain and determined its structure to 3 Å resolution using the single wavelength anomalous dispersion method (Table 1) . Two m04 protomers were accommodated within the asymmetric unit, and the unambiguous electron density allowed the placement of the vast majority (ϳ85%) of the m04 polypeptide. The current model includes residues 17-185 of protomer A and residues 19 -186 of protomer B. Because SDS-PAGE analysis of intact crystals indicated no evidence of proteolytic degradation (data not shown), we conclude that the N and C termini not visible in our structure are likely to be flexible. The two m04 protomers are essentially identical (having a root mean square deviation of 0.20 Å over 148 aligned C␣ atoms) with the exception of the conformation of the F-G loop and the location of the C-terminal tail (residues 177-185), which undergoes a translation of ϳ3 Å.
The two m04 protomers visible within the crystal lattice form a homodimer via an unusual interface involving the short C-terminal ␤-strand (residues 179 -180), resulting in a relatively small buried surface area of 1090 Å 2 (not shown). To determine whether m04 forms a homodimer in solution, we performed MALLS analysis. During in-line size exclusion chromatography, m04
G4 eluted at a volume consistent with a monomer. In agreement with this observation, the mass calculated from MALLS analysis was 31,650 Da (Fig. 1A) . This is slightly larger than that predicted for the extracellular domain based on amino acid sequence (23,980 Da) but agrees well with the mass estimated from SDS-PAGE analysis. This discrepancy is attributable to the presence of multiple N-linked glycan moieties that are visible at three of the five predicted NX(S/T) sites (Asn 54 , Asn 115 , and Asn 130 ). Accordingly, m04 is monomeric in solution, although we cannot exclude the possibility of dimer formation at higher protein concentrations or on the cell surface.
Overview of the m04 Structure-The core of the m04 molecule comprises an 11-stranded antiparallel beta sandwich ( 1C . The two ␤-sheets that make up the sandwich are curved in appearance and comprise four and seven ␤-strands (sheet 1: BCHG, sheet 2: AAЈIDEEЈF). Because strands A and E are interrupted by short bulged regions, we have denoted the two parts as A/E and AЈ/EЈ. Because of this discontinuity, the width of sheet 2 is limited to five ␤-strands (Fig. 1C) . The overall fold of the ␤-sandwich is similar to that of the immunoglobulin superfamily; strands A, B, C, D, E, F, G, H, and I correspond to strands G, A, B, C, CЈ, CЉ, D, E, and F in an immunoglobulin variable domain (Ig-V). Moreover, the classical hallmark of an Ig domain, a single disulfide bond that connects the B and F strands, is present in an analogous location in m04 and is derived from Cys 46 and Cys 141 in the C-D loop and I strands, respectively. In addition to the Ig core, m04 contains a number of extended loops and three short 3 10 helices located between the D-E, F-G, and H-I strands. Moreover, the m04 C terminus contains a bent ␣-helix of 12 amino acids in length that sits in a concave surface formed by the AЈ and I strands and the C-D loop (Fig. 1B) . The presence of this helix (termed ␣4) gives the part of the molecule distal to the Ig domain a "mini platform"-like appearance, in which the C-D loop lies in-between and parallel to the E-F loop and ␣4 helix and is supported by the AAЈIDEEЈF sheet (Fig. 1D) .
Although the core of m04 is rich in hydrophobic residues (discussed below), the surface of the molecule is primarily basic in nature, reflecting its relatively high theoretical isoelectric point (9.03) ( Fig. 2A) . The three N-linked glycosylation sites lay in a linear arrangement along a basic strip derived from arginine residues at positions 20 and 88 and lysines at positions 18, 106, and 108. One of the glycosylation sites (at Asn 54 ) is present in a loop that is in a homologous location to complementarity 
for all data excluding the 5% that comprised the R free used for cross-validation. determining region 1 of the Ig-V domain. A hydrophobic patch comprising Ile 90 , Leu 91 , and Phe 93 is solvent-exposed on the outer face of the AAЈIDEEЈF sheet (Fig. 2B) . Such surface-exposed hydrophobic residues are often considered to be involved in protein-protein interactions (22) .
Structural Comparisons-The results of a Dali search (23) to identify proteins of similar structure to m04 is highly populated by Ig-V domain-containing proteins such as antibodies, T-cell receptor chains, and MHC-I molecules. The sequence conservation between m04 and Ig-V domain containing proteins is typically low (the top 100 Dali results range from 6 to 15% sequence identity). The top Dali "hit" was the variable domain from the heavy chain of an antibody Fab fragment (Protein Data Bank code 2W9D), which has a Z-score of 4.6 and possesses an root mean square deviation of 3.7 Å over 85 aligned C␣ atoms. Although the ␤-strand topology is similar, only the AЈ, C, D, and I strands of m04 superpose well, with the remainder of the secondary structure elements being tilted, translated, or absent (Fig. 3A) . Moreover, m04 possesses a number of atypical features that are not normally associated with Ig-V domains. In particular, the N-terminal A/AЈ strands occupy a position normally associated with the G-strand in an Ig-V domain, a topology that is unique to m04. This association is strengthened by an additional disulfide bond connecting Cys 25 of the AЈ strand to Cys 146 of the I strand. Another peculiar feature of the AЈ strand is that it leads almost immediately into a truncated B strand on the opposing sheet. Such an arrangement is reminiscent of that found in the H-type Ig fold where the D strand is a direct continuation of the CЈ strand (24) . In addition to the termini, the length and nature of the interconnecting loops deviates considerably from those found in the classical antibody Ig-V domains. For the most part, these loops are extended, as is evident in the large spacing (98 residues) between Cys 46 and Cys 141 that make up the canonical disulfide bond (Fig. 3B ). This distance is considerably larger than the 63-76 residues that are typically found within the disulfide bridge of Ig-V domains (25) . Much of the additional length is derived from the EЈ-F and F-G loops, the latter of which deviates around the molecule to pack on top of the short E-strand. These two loops are the most flexible regions of the structure with average side chain B-factors of 119 (residues 93-106) and 110 (residues 114 -119), respectively. Thus, m04 possesses a number of unique features in comparison with other members of the Ig-V superfamily.
A Conserved Hydrophobic Interior-The m02 family members contain a number of conserved motifs that include a CXLXXC(L/P)(W/R)o motif found in m02-m06 and a NAXWXX(E/H)Wo motif found in m03-m06. Our structure permitted a detailed understanding of the role of these motifs, as well as providing insight into the structure of other m02 family members. Surprisingly, despite being well separated in the m04 primary structure, the CXLXXC(L/P)(W/R)o and NAXWXX(E/H)Wo motifs are intimately associated in the tertiary structure. Although the former occupies the majority of the I strand, the latter encompasses the entire length of the (46)). Both structures are shown side by side and overlaid. B, structure-based alignment of m04 with the best five Dali matches. Secondary structure elements are colored as in Fig. 1 . The m04 strand assignment is shown above the sequences. Cysteine residues that form the canonical Ig-V disulfide bond and the analogous residues in m04 are displayed as green sticks (in A) and underlined (in B). adjacent D strand (Fig. 4A) . Of particular prominence are the two Trp residues present in the NAXWXX(E/H)Wo motif. Each of these residues assembles a myriad of hydrophobic residues to form two large but separate clusters that lie at the core of the Ig domain and mini platform regions. The first of these, Trp 57 is located near the base of the D-strand and projects upwards toward the C-D loop (Fig. 4B) is the only side chain-derived polar contact of note in the vicinity. Thus, these two motifs act to stabilize the three-dimensional scaffold of m04.
A Prototype for the m02 Superfamily-The m04 structure now provides an opportunity to establish a structural correlation between m02 family members. Although m02-m06 form a more closely related subclass within the m02 superfamily, m07-m16 also possess some related sequence motifs. Based on an analysis of the sequence of m02-m16 from MCMV G4 , we suggest that all family members with the exception of m12 and m13 are likely to adopt an m04-like fold. This proposition is based on three observations. First, both cysteine residues of the CXLXXC(L/P)(W/R)o motif are highly conserved (Fig. 5) . Moreover, their binding partners that are involved in formation of the canonical (Cys 24 ) and unique (Cys 45 ) disulfide bonds are present in all sequences with the exception of m03 (Fig. 5) . This correlation suggests that the majority of the m02 family members form not only an Ig-V-like domain, but also one with the unusual AЈ-strand positioning observed in m04. Second, the two prominent Trp 57 and Trp 61 residues from the NAXWXX(E/H)Wo motif and the hydrophobic cluster within which they are enshrined (blue letters in Fig. 5 ) are well conserved throughout the family, suggesting they share a similar core packing arrangement to that observed in m04. Finally, most of the variability in sequence length is found in regions that would be predicted to be flexible loops (Fig. 3B) , suggesting that the core secondary structure is, for the most part, con- served. Thus, it appears that most members of the m02 superfamily will adopt an Ig-V-like fold.
Direct Binding of m04 to MHC-I-To investigate the interaction between m04 and MHC-I, we performed SPR measurements on the soluble extracellular domains expressed in HEK 293 and E. coli, respectively. Although previous reports suggested that the m04-MHC-I interaction resides within their respective transmembrane domains, we observed a direct interaction between the extracellular domain of m04
Smith with the murine MHC-I molecule H2-D k (Fig. 6A) . The affinity of the interaction was 52.0 Ϯ 5.0 M, well inside the typical range observed in immune recognition. Next we assessed the role of bound peptide and origin of the ␤2m subunit on m04 binding. The presence of a 9-mer peptide (RL9) or substitution of murine with human ␤2m had little impact on the binding affinity of m04
Smith to H2-D k , with affinity values of 71.8 Ϯ 4.3 and 85.5 Ϯ 4.3 M, respectively (Fig. 6B and Table 2 ). Importantly, m04
Smith did not bind appreciably to the human MHC-I molecule HLA-B*5701 (Fig. 6A) , indicating that m04 is specific for murine MHC-I. Finally, we expanded the scope of our binding analysis to include m04 glycoproteins from two additional MCMV isolates, as well as two further MHC-I molecules. The . Multiple sequence alignment of the m02 superfamily. The predicted extracellular domains of m02-m16 from MCMV G4 strain were aligned using ClustalW2. Because MCMV G4 does not possess a gene encoding m12, the m12 sequence shown is derived from the MCMV Smith . The secondary structure of m04 is shown above the sequences. Conserved cysteine residues involved in disulfide bonding in m04 are highlighted in red. Conserved hydrophobic residues that interact with Typ 57 and Typ 61 at the core of the m04 fold are highlighted in blue. Potential N-linked glycosylation sites are underlined. The CXLXXC(L/P)(W/R)o and NAXWXX(E/H)Wo motifs are boxed. The m04 secondary structure is displayed above the sequences. results of this analysis are summarized in Table 2 . Whereas all of the m04s tested bound poorly or not at all to the human HLA-B*5701, all of m04 Smith (Fig. 6A) . In general, m04
Smith and m04 G4 , which share 93.6% sequence identity, bound to the panel of MHC-I molecules similarly and with higher affinity than the more distantly related m04 W8211 , which shares only 57.6% identity with m04 
DISCUSSION
The down-regulation of MHC-I on the surface of infected cells is a common strategy employed by viruses to avoid detection by cytotoxic T cells. Accordingly, many viruses encode molecules that bind to MHC-I in the ER and either prevent its egress to the cell surface or redirect it to the lysosome for degradation. In MCMV, these functions are performed by m152, an MHC-I like molecule of the m145 family, and m06, whose structure has not yet been characterized (26) . However, reduced levels of MHC-I on the surface of MCMV-infected cells results in a loss of signaling from inhibitory Ly49 receptors, thereby triggering NK cell activation (2) . Perhaps to provide a balance between the evasion of NK and T cell responses, MCMV also encodes an additional glycoprotein, m04, whose role is to shuttle MHC-I to the cell surface (14) . This strategy may have been counteracted, however, because NK cells have also evolved activating Ly49 receptors that are capable of recognizing infected cells of certain H-2 haplotypes in the presence of virally encoded m04 (15, 16) .
As a first step toward understanding how Ly49 receptors recognize MHC-I in an m04-specific manner, we determined the crystal structure of m04 to 3Å resolution and investigated its interaction against a panel of pMHC-I molecules. Surprisingly, despite sharing little amino acid sequence identity, m04 possesses an Ig-V like ␤-sandwich fold that is decorated with a number of additional features including several extended loops and a prominent ␣-helix. Such insertions within this scaffold has previously been observed and in some examples even extra domains (in the case of hemocyanin (27) , nuclear factor B (28), and cytochrome f (29)) can be accommodated (30) . In the case of m04, the presence of the ␣4 helix, which lies parallel to the C-D and E-F loops and is supported by the AAЈIDEEЈF sheet gives the part of the molecule distal to the Ig domain a mini platform-like appearance. These regions could be interpreted as analogous to the ␣1 helix, peptide, ␣2 helix, and ␤-sheet scaffold of the MHC-I platform respectively, although in m04 the "peptide" and "helices" run parallel to the ␤-strands of the platform rather than diagonal as is the case in MHC-I. Whether this dual nature (Ig and platform) of m04 is related to its potential to interact with both MHC-I and Ly49 receptors is unknown.
The structure of m04 is the first documented example of an MCMV immunoevasin that adopts an Ig-like fold. However, in addition to MHC-I homologs such as UL18 (31) and UL142 (32) , human CMV also encodes a number of Ig-like immunemodulating proteins that include UL141 and a cluster of genes located within the unique short (US) region (33, 34) . Although they are unrelated in amino acid sequence, a number of parallels can be drawn between the unique short gene cluster and the m02 family. Indeed US2 and US11 are functionally similar to m06 in that they bind to newly assembled MHC-I molecules in the ER and target them for proteosomal degradation (35, 36) .
It is interesting that both human and murine CMV appear to have independently evolved both MHC-I like and Ig-like immunoevasins. Indeed, the production of homologs of host genes that function in normal immune responses appears to be a common strategy employed by viruses to subvert the host FIGURE 7 . Sites of sequence variability in m04. The amino acid sequence differences in m04
Smith (cyan) and m04 K181 (pink) are mapped on to the structure of m04 G4 . The molecule is viewed in two orientations, looking from the top of the mini platform (A) and looking toward the outer face of the AAЈIDEEЈF sheet (B). (34) . Such studies highlight the versatility of the MHC-I and Ig folds in mediating protein-protein interactions. Indeed, the three Ig-like proteins whose structures have been determined in complex with MHC-I all employ distinct binding modes that are tailored to suit their particular function. Killer immunoglobulin receptor receptors for example, which possess two or three tandem Ig domains, bind to MHC-I on top of the platform at a site that permits a high degree of allelic specificity (40, 41) . In contrast, CD8 and US2 bind to more conserved regions away from the peptide-binding platform, presumably to permit binding to a wide array of MHC-I alleles. Although the m04-MHC-I binding site remains unknown, we suggest that it is likely to be similar to the site employed by US2 or CD8. This contention is supported by our structural and binding data. Initially, m04 adopts a compact structure with only a relatively short stalk region. Accordingly, because m04 binds to MHC-I in cis (within the plane of the same membrane), it is unlikely to be able to extend far enough away from the membrane to contact the top of the peptide-binding platform. This leaves the more conserved regions of the MHC-I molecule, including the underside of the platform, as well as the ␣3 domain and ␤2m subunit. Such a site is in agreement with our binding data, which indicates that m04 binds a wide range of murine MHC-I molecules, with large variations in the m04 sequence resulting in only subtle differences in affinity. Although we did not see significant differences in the affinity of m04 for MHC-I coupled to human versus murine ␤2m, we do not discount the possibility that the ␤2m forms part of the m04 binding site on account of the high level of sequence conservation of this subunit.
The m04 ectodomain sequence is highly variable among MCMV isolates (17) , presumably because of selective pressure exerted by activating Ly49 receptors. Indeed, in the case of m157, whose sequence is also highly variable (42), infection of MCMV-resistant mice results in the rapid emergence of escape mutants (43, 44) . Accordingly, mapping sites of variability in highly related m04 sequences may provide clues as to the location of molecular surfaces that are subject to immune selective pressure. The sequences of the m04
Smith and m04 K181 ectodomains are highly similar to that of m04 G4 , containing only 17-and 26-amino acid differences, respectively (17) . When mapped on to the m04 G4 structure, the vast majority of these differences are located in surface-exposed residues (Fig. 7) , indicating that they likely impact on protein-protein interactions rather than disrupting the m04 fold. In particular, these variable residues cluster to a single face of the molecule that includes the B-C, D-E, and H-I loops and the top of the mini platform (Fig. 7A) . In contrast, the opposing face of the molecule that includes the outer face of the AAЈIDEEЈF sheet and the N-linked glycan moieties appears to be more conserved (Fig.  7B) .
By aligning the sequences of the m02 family members based on the structure of m04, we suggest that m02-m11 and m14 -m16 are likely to adopt an Ig-like fold. Our exclusion of m12 and m13 from this grouping is primarily based on the absence of the conserved cysteine residues in these members. However, it is noteworthy that there are now many examples of Ig domains that lack the canonical disulfide bond (45) , so it is not inconceivable that m12 and m13 may also possess Ig-related folds. Accordingly, it is possible that the m02 family arose by duplication from a single ancestral gene that encoded an Ig-like protein. As such, m04 represents a prototype for understanding the structure and function of this large immunoevasin family.
